INTRODUCTION
Ultrasonic testing for fatigue crack detection in metallic members are commonly performed using time domain analysis of Rayleigh waves. This approach will be successful only if the fatigue cracks produce strong interaction with the Rayleigh waves. The optimum frequency range of ultrasonic Rayleigh waves for scanning long structural members in the field is from 0.5 to 2.25 MHz because higher frequencies will not travel long distances. However, this frequency range may not always result in strong interaction with fatigue cracks. Hence, the data analysis procedure for characterizing such signals should provide enhanced sensitivity. Several authors have reported the advantages of using frequency domain analysis for detecting flaws [1] [2] [3] . This paper demonstrates the use of spectral analysis for detecting fatigue cracks in metallic members. The paper includes results from both direct-transmission and pulse-echo tests. Since Rayleigh waves are significantly affected by surface conditions, this study included crack detection in both painted and unpainted members.
METHOD OF ANALYSIS
The laboratory tests using Rayleigh waves have shown that the use of amplitude measurements and en~rgy spectrum parameters provides the necessary sensitivity for detecting fatigue crack!\. Details of the spectral analysis procedure used in this study to enhance the sensitivity of the ultrasonic technique for crack detection is reported elsewhere [3] . The area under the Power Spectral Density (PSD) curve of the received Rayleigh wave signals was found to be a very sensitive and reliable parameter for detection of fatigue cracks. Use of this parameter requires adopting suitable measurement conditions such as application of proper ultrasonic couplant and constant clamping force on the transducers. The following section demonstrates the use of area under the PSD curve in detecting fatigue cracks in aluminum and steel members.
EXPERIMENTAL STUDY

Rectanl:ular Aluminum Beam
Aluminum rectangular beam oflength 410 rom, depth 79 rom, and width 39 rom were tested for micro fatigue crack. The specimen was first tested for uncracked condition and later for the micro fatigue crack. Cyclic loads of 400 lb to 4000 lb were applied at 1.5 Hz frequency to generate a micro fatigue crack of thickness 0.025 rom (measured using a microscope) and length 20 rom. The crack went across the entire 39 rom width of the beam. Longitudinal wave transducers (0.5" diameter) with 2.25 MHz central frequency were attached to polystyrene wedges and used to produce surface (Rayleigh) waves in the aluminum beam. The transmitting transducer was excited using ten cycle sine pulse with 315 volts peak-to-peak at 2.25 MHz frequency. UT-X general purpose couplant was used in the wedge-material and sensor-wedge interface. A constant clamping force of 20 lb was applied on the wedges which had a contact area of 20 rom x 60 rom on the material, with the longer dimension along the direction of wave propagation (i.e., length of the beam).
The ultrasonic tests were conducted on the side face (410 rom x 79 rom) of the beam along its length. The direct-transmission signals obtained for the uncracked and cracked conditions are shown in Figure 1 . Very little difference can be observed between the two time domain signals. No appreciable change is observed in the arrival time or the peak-to-peak amplitude among the signals. Hence the significant portion of the received signal of 1024 points length (i.e., the portion between the two vertical lines shown in Figure 1 ) was extracted for spectral analysis. The resulting PSD curves are shown in Figure 2a . Here the differences between the two signals can be clearly observed. The peak magnitude of the PSD curve dropped significantly because of the crack. The area under the PSD curve was yet another parameter used to characterize the difference in the two signals. The cumulative plot of the PSD curves is shown in Figure 2b . These curves highlight the differences between the uncracked and the micro fatigue crack conditions. Based on Figure 2 , it is evident that the presence of the micro fatigue crack influenced the signal energy, and parameters such as peak magnitude and area of the PSD curve provide the additional sensitivity required for fatigue crack detection using relatively low frequency ultrasonic waves. Other parameters of the PSD curve such as third moment also indicated the presence of crack. However, the central frequency of the PSD curve did not change, which implies that there is no change in wave attenuation characteristics due to presence of the micro crack. The application of spectral analysis is further illustrated in the next section using signals from a steel plate.
Steel Plate
Steel plate 1.6 m long, 75 mm wide, and 6.8 mm thick were tested for fatigue crack. A cut 25 mm long, 0.7 mm wide, and 1.5 mm deep was machined in the plate to simulated a fatigue crack in the center of the plate. Since surface characteristics greatly affect Rayleigh wave signals, the ability of such waves to detect fatigue cracks covered by paint was investigated. The paint coats consisted of three layers, first layer of low V.O.C. inorganic primer, second layer of water guard intermediate, and final (top) layer of water guard gloss finish. The average thickness of the paint coating was 0.25 mm. To reduce the influence of paint coating, Rayleigh wave transducers with central frequency of I MHz was used in this study. The pulse-echo signals received for the unpainted and painted conditions are shown in Figure 3 . One can clearly observe a significant loss in amplitude due to the presence of the paint (note that Figures 3a and 3b have different amplitude scales). In Figure 3 , the presence of crack can be detected by the crack echo. Spectral analysis of the backwall echo also clearly showed the presence of the crack when compared with the uncracked section. The cumulative PSD plots of the backwall echo is shown in Figure 4 for unpainted and painted conditions. While crack and backwall echoes are very useful for crack detection and location, ultrasonic field inspections often have to deal with more complex situations such as absence of crack echoes due to inclined orientation of the surface cracks or absence of meaningful backwall echoes due to long member length or presence of complex joints. In such situations, there is a need to conduct direct-transmission tests for crack detection. The direct-transmission signals obtained from uncracked and cracked section when the plate was unpainted are shown in The spectral analysis shows that the signal energy dropped drastically due to the presence of crack which is observed in Figure 6b . Thus, direct-transmission mode can be effectively used for detecting cracks. Direct-transmission tests were also conducted for painted condition in the steel plate. The signals obtained from uncracked and cracked sections in the painted steel plate are shown in Figure 7 . Comparison between Figure 7 and Figure 5 indicates a loss in amplitude due to a higher attenuation of Rayleigh waves in the painted plates. Also the percentage reduction in amplitudes between the uncracked and cracked cases is higher for the painted steel plate compared to the unpainted steel plate. Spectral analysis was conducted on the received direct-transmission signals and the resulting PSD curves and the cumulative PSD curves are shown in Figure 8 . Comparing Figures 6b and 8b , it can again be seen that the loss in signal energy due to crack is much greater in painted condition compared to unpainted condition. This is because Rayleigh waves propagate through the paint in the crack rather than around the crack in case of painted condition. This leads to greater attenuation and hence larger loss in energy. Moreover, propagation through the paint in the crack results in two interfaces namely, steel-paint and paint-steel, which also contributes to the loss in signal energy in case of cracks covered by paint. The direct-transmission test results obtained from the unpainted and painted steel plates are summarized in Table 1 . These results show that spectral analysis can easily indicate the presence of cracks in painted and unpainted steel members. Time domain analysis showed a 5 IlS delay in arrival time due to the presence of crack. Loss in peakto-peak amplitudes was 32% for unpainted and 54% for painted condition. The corresponding loss in peak magnitude of the PSD curves was 39% and 78%, respectively. The signal energy, as measured by the area under the PSD curve, shows a 53% loss for unpainted and 79% loss for painted condition due to the presence of crack.
For field applications, it is important to note that the scanning distance in directtransmission mode is at least twice that of pulse-echo mode. Since spectral analysis can enable detection of fatigue cracks from direct-transmission signals, this mode of inspection is more suitable for rapid scanning of long members in the field. If any member shows significant difference in the received signal energy in direct-transmission compared to other members with the same wave travel distance, then pulse-echo testing could be conducted over shorter travel distances to determine the location and severity of the cracks. Also, inclined surface cracks, which result in very low amplitude echoes, may not be detectable in the pulse-echo mode. On the other hand, these cracks may lead to more significant losses in received signal energy in the direct-transmission mode [4] .
CONCLUSIONS
This study shows that Rayleigh waves can be effectively used for detecting fatigue cracks in metallic members. The use of spectral analysis in detecting these cracks has been illustrated in this paper using examples of aluminum beams and steel plates. Spectral analysis can be conducted on signals from both direct-transmission and pulseecho modes. The proposed procedure was successfully used to detect cracks in both unpainted and painted members. For field applications, rapid scanning of long members can be achieved using direct-transmission tests. Any member which shows a significant loss in the received signal energy compared to other members with the same travel distance can then be tested in the pulse-echo mode over shorter travel distances to determine the location and severity of the cracks.
